Objective: To define the relative frequencies of different mechanisms of viral escape.
Introduction
The selective outgrowth of HIV-1 genetic variants, which have mutations within or near CD8 T-cell epitopes, allows viral escape from CD8 T-cell immunity [1] . Viral escape from clonal antigen-specific responses plays a key role in establishing chronic replicative HIV infection [2] and subsequent progression of HIV-associated disease [3] . Mutations, which disrupt epitope binding to human leucocyte antigens (HLAs) occur at codons for anchor-binding sites within epitopes, at position 2 and the C-terminus residue for most epitopes. Those mutations occurring at other sites in the epitope disrupt contact between TCRs and the HLApeptide complex. Mutations flanking or within epitopes may also allow viral escape by changing the proteosomal cleavage sites necessary for intracellular generation of the epitope from precursor proteins or TAP-dependent transport into the endoplasmic reticulum [4, 5] . Primary escape mutations that reduce replicative capacity are often linked to secondary mutations that (partially) restore viral fitness under selection pressure and tend to be proximal to primary adaptation sites [6] . It is now well established that these phenomena occur throughout all HIV genes and in association with a wide array of population HLA genotypes. As such, CD8 T-cell escape is evident as mutational networks within the HIV genome, which are HLA allele-specific at the population level [7] [8] [9] [10] . Vaccine concepts have been devised to incorporate HIV antigenic diversity into polyvalent immunogens in order to provide broad population-level immunogenicity [11] . Given the significant proportion of HIV diversity, which is driven by viral adaptation to HLA, viral adaptation which results specifically in loss of HLA-peptide binding or epitope processing in prevalent transmitting strains would remove these antigens as targets for vaccineinduced immune responses completely. In contrast, epitopes with TCR escape mutations may still bind cross reactive or new T-cell clonotypes. It is therefore of interest to know the relative frequency with which HIV escapes TCR recognition, versus HLA-peptide binding and epitope processing. Differences in the frequency of these different escape mechanisms between HIV proteins, which vary in cleavage site density, structural/functional constraint, plasticity and other biological characteristics, have not been described previously. In addition, differential susceptibilities of host-HLA loci may be revealed by examining preferential modes of viral evasion associated with them. To date, detailed mechanisms of viral escape have been described in the context of a small number of specified HLA-epitope combinations.
Here, we used a population-based approach to examine the distribution of HIV polymorphism associated with diverse population HLA at sites within and flanking CD8 T-cell epitopes as a correlate of likely mechanisms of viral escape.
Methods
The genetic analysis underpinning the functional data analyzed in this study was derived from a previously published genome-wide analysis of HLA-associated polymorphism in 800 antiretroviral-naive individuals from the US and Australia with chronic subtype B HIV-1 infection [10] . A subset of 290 individuals from the US cohort who had sufficient pretreatment cryopreserved peripheral blood mononuclear cells (PBMC) were then tested in a subsequent functional study in which the genetic selection imprints were used to characterize prevalent epitope-specific CD8 T-cell responses mediating selective pressure in the population [12] . Specific analysis of the epitope distribution of HLAassociated polymorphisms affecting a dataset of nonadapted/adapted epitope pairs identified in the original genetic study [10] and tested in the subsequent functional study [12] is presented here. All US study participants were co-enrolled in AIDS Clinical Trials Group (ACTG) protocol A5142 and A5128 [13, 14] and provided written informed consent to HIV sequencing and cryopreservation of PBMC at a pretreatment time point as well as HLA-A, HLA-B and HLA-C genotyping.
Detailed methods for computation of HLA-HIV phylogeny-adjusted associations, epitope prediction and synthesis as well as the cellular testing protocol have been described previously [10, 12] . Briefly, the epitope-prediction tool, Epipred, was used to scan sequence windows surrounding 874 HLA allelespecific polymorphisms across the full HIV-1 proteomic consensus sequence [15] . This prediction algorithm is trained on characteristics of known CD8 T-cell epitopes taking into account HLA-specific peptide-binding motifs, TCR contact residues, epitope length and flanking sequences to generate a probability score for any given peptide sequence being a CD8 T-cell epitope [15] . 8-11mer sequences that were either already known or probable CD8 T-cell epitopes with HLA restriction matching that of the proximal HLA association were identified [10] . Epitopes were then synthesized as peptides and used as stimulating antigens in automated enzymelinked immunospot (ELISpot) assays at a final well concentration of 5 mg/ml. Peptide arrays were customized to each individual based on their HLA genotype and anti-CD3 antibody was used for positive controls. PBMCs cultured in media alone served as negative controls.
In order to rationalize testing of peptides in each individual when there was insufficient PBMCs to test all possible known and predicted epitopes, ranking criteria were used to prioritize testing of novel putative epitopes over already well characterised published epitopes or minor variants of known epitopes [12] . Overall we examined responses to 159 nonadapted epitopes together with their corresponding adapted (variant) sequences. As HLA-associated polymorphism could result in multiple alternative amino acid substitutions and occur at multiple positions within the epitope, there was more than one corresponding adapted sequence for a nonadapted epitope in many cases. Hence, there were 222 adapted peptide sequences in total. Of these, 194 cases reflected intra-epitopic variation, most likely impacting peptide binding to the HLA molecule or TCR recognition. There were also 28 instances in which HLA-associated polymorphism was predicted to create 'neoepitopes' which were overlapping or distant from the nonadapted epitope. We have previously defined neoepitopes as adapted peptide sequences which, though containing a HLA-associated polymorphism, were nevertheless predicted to elicit a T-cell response as identified by the epitope-prediction algorithm [10, 12] . Of all paired peptides considered, 65% of the nonadapted epitopes investigated were known, published epitopes whereas, the remaining peptides were predicted to be epitopes by Epipred. There were 64 cases of putative antigen processing adaptations in which the amino acid under selection lay outside the nonadapted epitope and no alternative neoepitope was predicted, consistent with complete abrogation of epitope presentation in vivo.
IFNg-producing cells were enumerated as spot forming units (SFUs) using an AID ELISPOT reader (Autoimmun-Diagnostika, Strassberg, Germany). All sample well SFU readings were determined after subtraction of negative control values. A response was considered positive if greater than twice the mean of the background and greater than or equal to 100 SFUs/10 6 PBMC [12] .
The position of each HLA-associated HIV-viral polymorphism relative to the proximal known or predicted nonadapted epitope with matching HLA-restriction was recorded. The frequency distribution of polymorphism occurring within four amino acids flanking epitopes and from N-terminus to C-terminus positions within the epitope were determined and plotted. These distributions were determined for both the set of nonadapted CD8 T-cell epitopes tested in the study as well as the subset, which elicited positive IFNg responses in our testing.
Anchor site polymorphism largely occurs at position 2 or C-terminus positions of CD8 T-cell epitopes (position 8 to position 11 depending on peptide length). In order to conduct formal statistical analyses of anchor site polymorphism enrichment, only epitopes of equivalent length (9mer) were included to allow equal probability of polymorphisms at all residues and 9mers represented the majority of epitopes in the study. We compared the observed proportions to the 2/9 expected if polymorphism was equivalent between anchor (position 2 and C-terminus) and nonanchor sites (Binomial test). Response rates were evaluated by linear regression within a generalized estimating equation framework, taking account of the multiple epitopes tested per individual. Included covariates considered site of polymorphism, HLA loci, relative reactivity of adapted versus nonadapted epitopes and impact of autologous viral sequence. Statistical analyses were undertaken using TIBCO Spotfire Sþ 8.2 for Windows (TIBCO Software Inc., Palo Alto, California, USA).
Results
Overall data from 238 individuals were examined in this study. An average of 11.3 peptides were tested per individual with an average of 2.4 positive epitope-specific IFNg responses detected per individual.
In total, 91 HLA-restricted epitopes (of the 159 included in this study) showed at least one positive IFNg response to the nonadapted peptide. In order to exclude a bias associated with analysis of only tested nonadapted/ adapted-paired epitopes, we compared average response rates in this dataset with that found in the overall dataset analysed in Almeida et al. [12] and found no significant difference (P ¼ 0.9).
The distribution of HLA-associated polymorphism across all analyzed epitopes is shown in dark grey bars in Fig. 1 .
Although polymorphisms occurred at all positions, position 2 and C-terminus positions (position 8 to position 11 depending on peptide length) were subject to HLA allele-specific polymorphism most frequently. Among peptides, which elicited a positive IFNg response (light grey bars in Fig. 1 ), variation at position 2 was most common, followed by changes at the C-terminus position, and position 3.
Formal analysis of enrichment of anchor site polymorphism was restricted to the dataset of 9mer epitopes with intra-epitopic polymorphism only (n ¼ 106). Overall, HLA-driven changes were significantly more frequent at the anchor-binding sites, position 2 and position 9, relative to the other sites (41 of 106 epitopes, 39%, P ¼ 0.0001), although the observed enrichment did not reach statistical significance when restricting the analysis to epitopes associated with positive IFNg responses (19 of 61epitopes, 31%, P ¼ 0.12).
The polymorphism distributions were then visually compared across individual HIV proteins to observe if there were protein-specific patterns of adaptation. Plots of these distributions are shown for Gag, Pol and Nef as remaining HIV proteins had low numbers of epitopes tested (Fig. 2) . Adaptation in Gag appeared to predominate at position 7 and position 9 in all tested epitopes and at position 9 for those epitopes associated with positive IFNg responses ( Fig. 2a ). In Pol, position 2, position 3 and position 9 were most frequently subject to HLA-associated viral adaptation in all tested peptides although escape at position 2 remained predominant among IFNg-inducing epitopes (Fig. 2b) . Polymorphism in primary anchor binding sites therefore predominated across both Gag and Pol. Nef appeared to have a more evenly distributed profile of viral adaptation, across N-terminus and C-terminus flanking regions as well as at all positions within epitopes, with a predominance of polymorphism at position 2 and position 1. Among IFNg responsive epitopes, polymorphism was most commonly observed at position 1 and position 9 (Fig. 2c) . The 9mer epitopes restricted to HLA-A alleles showed significant predominance of anchor binding escape using the set of tested (17 of 35 epitopes, 49%, P ¼ 0.0007) and IFNgresponsive epitopes (8 of 16 epitopes, 50%, P ¼ 0.01). However, this observed anchor site polymorphism enrichment was less evident amongst HLA-B restricted epitopes (22 of 61 epitopes, 36%, P ¼ 0.01, and 11 of 40 epitopes, 28%, P ¼ 0.4, for tested and responsive epitope sets, respectively), and lacking for HLA-C restricted epitopes (none of 10 epitopes, P > 0.9, and none of eight epitopes, P ¼ 0.4, for tested and responsive epitope sets, respectively).
Across all epitopes considered, average IFNg response rates to adapted peptide sequences were significantly reduced for epitopes with adaptation at position 2 in particular compared with those having mutation at nonanchor positions (response rate 6.6% for position 2 adaptations, n ¼ 46, versus 19.7%, n ¼ 142, P < 0.0001), whereas IFNg responses to epitopes with the mutation at the C-terminus were comparable to those with the mutation at nonanchor positions (19.0%, n ¼ 34, P ¼ 0.8). In general, average IFNg response rates to adapted epitopes were significantly lower than the nonadapted epitopes. This effect was observed in epitopes in which escape had occurred at a nonanchor position (response rate to adapted epitopes 21% versus nonadapted 29%, P < 0.0001), as well as epitopes in which mutation had occurred at an anchor position (13 versus 16%, P ¼ 0.03), and irrespective of whether or not the peptide was present in the autologous sequence (Fig. 3) . The disparity between the response rates was greatest when the nonadapted peptide matched the autologous viral sequence (response rates 26 versus 40%. P ¼ 0.0001 for nonanchor site polymorphism, 19 versus 30%, P ¼ 0.03 for anchor site polymorphism). Overall, the lower response rates to the adapted peptides were most evident amongst HLA-B restricted epitopes (n ¼ 130 adapted sequences, 17.9 versus 28.3%, P < 0.0001) and HLA-A restricted epitopes (n ¼ 65, 14.6 versus 18.9%, P ¼ 0.01), with the differences remaining notable when taking account of the effects of the mutation position and similarity of the tested peptide to autologous viral sequence.
Polymorphism was also observed commonly at TCR contact residues (Fig. 1) . Contrasting with the general trend to reduced IFNg responses elicited by adapted epitopes, there were a number of specific examples in which TCR variants elicited equivalent or even higher IFNg responses than the corresponding nonadapted peptide. For example, carriage of HLA-B Ã 08 : 01 was associated with a change from valine (V) to methionine (M) at position 194 (position 5 within the epitope) in Nef AL9 (AFHHVAREL). IFNg responses were investigated in eight individuals with HLA-B Ã 08 : 01 and there were no responders to the nonadapted peptide (mean magnitude ¼ 5 SFUs/10 6 PBMCs; range ¼ 0-40 SFUs/10 6 PBMCs) whereas responses to the adapted peptides (mean magnitude ¼ 92.5 SFUs/10 6 PBMCs; range ¼ 0-580 SFUs/10 6 PBMCs) included two above the cutoff of 100 SFUs/10 6 PBMCs.
Furthermore, more complex patterns of new epitope formation were observed. These included examples of intra-epitopic and extra-epitopic polymorphisms associated with formation of neoepitopes overlapping or distant from the nonadapted epitope, suggesting alteration of antigen-processing signals. There were 112 examples of epitopes associated with variation at TCR contact residues and 70 of these elicited a positive IFNg response in at least one individual. There were 28 instances of antigen-processing adaptation associated with neoepitope formation, of which 12 elicited a positive IFNg response to the neoepitope in at least one individual. Finally, 64 epitopes were associated with extra-epitopic mutation in either the N-terminus or C-terminus flanking regions with no discernable neo-epitope formation suggesting complete loss of epitope presentation in these cases. Twenty-nine of those 
Discussion
The overall epitope distribution of HLA allele-associated viral polymorphism over many epitopes and HIV sequences shown here suggests that multiple mechanisms of viral adaptation are evident at the population level. However, viral adaptation, which disrupts HLA-anchor site binding appears sufficiently frequent to lead to significant enrichment of polymorphism at primary HLA anchor residues compared with other residues. These results support the findings of a study involving independent datasets [16] . We could not show that this effect remained statistically significant when restricting to 9mer epitopes which elicited IFNg responses in our own testing, however this may be because HIV adaptation by this mechanism occurs more commonly and earlier in infection, making ex-vivo detection of memory IFNg responses in chronic infection more difficult for epitopes that are particularly subject to anchor-site polymorphism.
Although we have used locations of mutations as a correlate of mechanism of escape in this analysis, the functional effects of position 2 mutation on binding is supported by the finding of significant reduction of IFNg responses associated particularly with presence of the position 2 mutation (Fig. 1) .
The extreme diversity of HLA class I binding motifs has underpinned individual and population defences against a great diversity of intracellular pathogens over human evolution. In particular, HLA class I appears to preferentially bind conserved elements in viral pathogens with evidence of more efficient targeting of such elements in RNA viruses by HLA-B alleles compared with HLA-A alleles [17] . This is consistent with the dominant role of HLA-B mediated selection pressure in HIV evolution [18] , and the recent confirmation from genome-wide association studies that the protective effects of particular HLA-B alleles including HLA-B Ã 57 : 01, HLA-B Ã 27 : 05 and HLA-B Ã 14 derive from the presence of key pocket residues in their peptide binding grooves [19] . These data would predict that HLA-peptide binding escape would be a dominant or favoured counter-evolutionary strategy by HIV, as shown here. Furthermore, while adaptation at TCR contact sites is also common, such variants remain potentially visible to cross-reactive or variant-specific T cells. Indeed a greater precursor pool and cross-reactivity tolerance to point mutations in epitope targets associated with HLA-B Ã 57 : 01 and -B Ã 27 : 05 may also underpin their protective effects [20] . Host molecules associated with antigen-processing machinery are also relatively nonspecific to accommodate epitope generation from many proteins and HLA types, and this may limit the frequency of antigen-processing escape, relative to other mechanisms.
Population-based analysis is limited by the fact that many of the adaptation imprints are putative here, based on statistical HLA associations and epitope prediction rather than proven by functional studies in every case. The large array of HLA types and viral polymorphisms limits experimental validation for all possible cases. Although all HLA types are not equally represented, the HLA distribution of datasets analyzed here is comparable to the HLA distribution of the full study cohort, and indeed comparable to that found in general US population studies [10] , and therefore representative of the prevalent selection forces operating at the population level on HIV subtype B diversity in such populations. Limitations in numbers of cryopreserved PBMCs also imposed a restriction to the numbers of peptides which could be tested and it is possible our prioritization of putative over known epitopes for testing led to a lower overall rate of IFNg responses than found in other epitope mapping studies. As previously mentioned, memory responses to adapted epitopes with anchor site polymorphisms may also be more likely to have waned in vivo. However, the fact that response rates between paired nonadapted/adapted epitopes used in this analysis did not differ from overall response rates for all (including unpaired) epitopes argues against a specific bias introduced by the datasets used here.
Notwithstanding these limitations, this 'reverse genomics' approach has provided biological evidence that many epitopes proximal to HLA associations are targets of CD8 T-cell selection pressure in vivo, including up to 50 novel epitopes [12] . The noise imposed by using putative signals of viral escape and predicted epitopes should affect all types of adaptation signatures and would not account for our central finding that there is significant enrichment of selection at HLA-binding sites. Aside from reinforcing the importance of the quality of HLAantigen presentation in achieving strong CD8 T-cell immunogenicity against HIV, these data could inform strategies that include escape variants in polyvalent vaccine immunogens. 
